Phenotypic diversity in lima bean landraces cultivated in Brazil, using the Ward-MLM strategy
Lima bean (Phaseolus lunatus L.) is an important source of protein for people as it contributes all of the essential amino acids necessary for humans. In Brazil, lima bean has a great relevance, mainly in the Northeast, where it is an alternative income in addition to a food source. It has a high degree of phenotypic variation for seed traits, which are important for understanding the genetic diversity and origin of this crop. We aimed to characterize 166 accessions of cultivated lima bean from Brazil using qualitative and quantitative descriptors through the Ward-MLM (Modified Location Model) in order to analize the organization of the genetic diversity and the origin of this germplasm. High genetic variability was detected and seed length and width characteristics were the main contributors to genetic divergence among the accessions. Results showed the presence of accessions with characteristics typical of the Mesoamerican and Andean gene pools, and another group with intermediate characteristics of these two gene pools. Our results will be useful to breeding programs, since currently there is little information on the genetic diversity and the origin of the lima bean landraces cultivated in Brazil.
INTRODUCTION
Lima bean (Phaseolus lunatus L.) is composed of two botanical varieties: var. silvester for the wild material and var. lunatus for the domesticated one (Baudet, 1977) . Studies have indicated the existence of three major gene pools: One Andean gene pool (A) and two Mesoamerican gene pools (MI and MII); with one domestication event in each of them: 1) for A, the midaltitude western valleys between Ecuador and Peru in South America (Maquet et al., 1997) ; 2) the central eastern region from Mexico for MI (Serrano-Serrano et al., 2012; AnduezaNoh et al., 2013) ; and 3) the region located between Guatemala and Costa Rica for MII (Andueza-Noh et al., 2013; . Recent evidence from microsatellite markers have suggested another possible domestication event in South America (Jaime Martínez-Castillo, personal communication), but lack of wild lima bean collections from South America limits explore this hipotesis. Within the var. lunatus, Baudet (1977) indicated the existence of three cultigroups: 1) Sieva, with medium-sized and flat seeds; 2) Potato, with small globular seeds; and 3) Big lima, with large flat seeds. Big Lima represents the A gene pool, while Sieva and Potato represent the MI and MII gene pools. Lima bean has a high level of polymorphism, mainly related to seed traits (Lioi, 1994) . This aspect was firstly used to recognize the main gene pools and later to characterize the genetic diversity of this species (Santos et al., 2010) .
As a crop, lima bean is the second most important legume of the genus Phaseolus on the world (Maquet et al., 1999) . It is an important source of protein for rural populations in South America and Africa (Lioi et al., 1998) . In Brazil, lima bean is known as fava, favabelém or feijão-de-lima, and it has considerable importance in the Northeast of Brazil, where it is used as a food and an alternative income source for the local population (Santos et al., 2008; Silva et al., 2015) . Collections obtained from Brazil have show that the genetic diversity, reflected in the number of landraces and morphological variation of seed, could be as high as that reported in the Yucatan Peninsula, a region considered as a center of diversity for the Mesoamerican gene pool (Martínez-Castillo et al., 2008; 2014) . Our objectives were to test the organization of the genetic diversity present in lima bean accessions from Brazil through the Ward-MLM procedure using morphological and phenological characters and to explore the origin of this germplasm.
MATERIALS AND METHODS
A total of 166 lima bean accessions were used in this study. The 157 accessions provided by Germplasm Bank of Embrapa Genetic Resources and Biotechnology, collected in different localities from five main regions from Brazil, and nine accessions obtained from the International Center for Tropical Agriculture (CIAT, Cali, Colombia). The experiment was conducted in a greenhouse located in Brasilia-DF, with two replicates of the accessions sown in pots in a completely randomized design. Four seeds were sown per pot, which were reduced to one plant after thinning and held upright with a bamboo stake. Insect and disease control was performed when necessary.
Eight quantitative descriptors and eight qualitative traits were evaluated as recommended by Biodiversity International (International Board for Plant Genetic Resources, Rome, Italy; IBPGR, 1982) . The eight quantitative variables used were: 1) number of days from emergence to flowering (Flo, d) -number of days from first emergence to the stage where 50% of the plot was in flowering; 2) pod length (PL, mm) -10 mature pods at random were measured (in the case of curved pods, we measured the longest straight line to the base of the tip pod); 3) pod width (PW, mm) -measured including the maximum width of 10 mature pods at random; 4) number of locules per pod (NLP) -number of locules in 10 randomly sampled pods; 4) number of seeds per pod (NSP) -average number of seeds per pod, measured randomly in 10 mature pods; 5) seed length (SL, mm) -mean length of 10 randomly selected seeds; 6) seed width (SW, mm) -the mean width of 10 random seeds; 7) thickness of the seed (TS, mm) -the mean thickness of 10 random seeds; and 8) weight of 100 seeds (W100S, g). The eight qualitative variables used were: seed shape (SS), seed profile (SP), seed color (SC), pattern seed color (PSC), second pattern seed color (SSC), pattern of the seed tegument (PST), pod curvature (CP), and growth habit (GH). The measures (mm) were determined using a digital caliper. The significance of the quantitative variables was analyzed by F test at 5% probability.
At present, multivariate analysis permit to handle and interpreted a big number of characters simultaneously. This type of approach is important for the classification of genotypes conserved in genebanks, especially with the recent advances in computer technology (Ortiz et al., 2008; Gonçalves et al., 2009) . Multivariate analyses usually consider qualitative or quantitative characteristics separately, although the joint analysis of quantitative and qualitative variables is a potentially more complete indicator of variability in germplasm banks. Gonçalves et al. (2008) showed that limited use of methods using both quantitative and qualitative variables stems from the lack of knowledge in statistical techniques and free software needed to analyze them jointly. This joint strategy for data analysis is the Ward-MLM procedure proposed by Franco et al. (1998) , using Ward's clustering method (Ward Junior, 1963) . It defines groups by the Gower dissimilarity algorithm (Gower, 1971) , and is an approach that has not been previously used in lima bean. In this study, the quantitative and qualitative variables were analyzed simultaneously, using the Ward-MLM procedure for the formation of groups through the cluster and IML procedures of the SAS program version 9.0 (SAS Institute, Cary, North Carolina, USA). For the Ward clustering method, the distance matrix was provided by Gower's algorithm (Gower, 1971) .
The definition of the ideal number of groups was performed according to the pseudo F and pseudo t 2 criteria that show the differences between groups and correlation of characteristics with canonical variables that were verified by the CANDISC procedure (SAS Institute). Statistical analyzes were performed using the SAS program (version 9.0).
RESULTS AND DISCUSSION
Significant differences were observed among the different lima bean accessions (P < 0.01) for the means of all traits (Table 1) , which implies the existence of genetic variability among the studied accessions. The coefficients of variation (CVs) obtained ranged from 5.49 (pod length) to 9.29 (number of seeds per pod), which was considered low for all the variables, indicating good experimental precision and indicated that characteristics evaluated were little affected by environmental, thus conferring reliability to the obtained results.
Of all accessiones analyzed, 81.93% of them had an indeterminate climbing growth habit, 12.05% indeterminate semi-climbing and 6.02% showed determinate growth These accessions  were: BF7, BF87, BF132, BF133, BF199, BF201, BF202,  BF205, BF206, G25137, G25140, G25142, G25143,  G25165, G25633, G26200, G26222 and G27059 with 40, 35, 48, 40, 49, 37, 39, 40, 41, 34, 41, 31, 30, 30, 30, 30, 31 and 26 d, respectively. Regarding the pod length trait there wide variability exists for that characteristic, ranged between 42.50 and 129.17 mm, with an average of 64.33 mm. The highest average value of pod length was observed in genotype BF113. In lima bean it is an important feature, considering that larger pods contain large seeds, which is preferred among the lima bean consumers. In lima beans, the study of the morphological variation of seeds has been one of the main criteria used to explain their origin and genetic diversity (Vargas et al., 2003) . In this study, the characteristics that contributed most to the genetic variability were seed length and width (Table 2) . For seed traits, this study showed wide morphological variation, with values from 8.28 to 22.53 mm and from 6.54 to 14.17 mm for length and width of seeds, respectively ( Table 2) . As for seed color (SC), a wide variability was verified: 29.52% brown, 22.29% white, 18.07% cream, 10.84% red, 7.23% black, 4.82% light brown, 4.22% red-purple, 1.20% gray and yellow and 0.60% rose (Table 3 ). The Ward-MLM procedure indicated the existence of three groups according to the pseudo F and pseudo t 2 criteria. According to Mingoti (2005) , the pseudo F and pseudo t 2 tests, which determine the ideal number of accessions groups in a cluster analysis, are similar to a hypothesis test in which each clustering step is related to a test to compare mean vectors of the two clusters jointed to form a new group. Nevertheless, focus should be given to larger values of pseudo F and pseudo t 2 , since they are related to the least probability of test significance and rejecting the equality of means with major significance. If the equality of mean vectors are rejected, two groups will not be united again in another different group. Gonçalves et al. (2009) indicated that the number of groups can vary according to the species, number of accessions and number and type of descriptors. However, the same authors noted that more precise criteria for group formation results in less subjective groups.
Group I contained the highest number of accessions (74 accessions). This group comprised the accessions that had higher mean values for the number of days to flowering trait, with small, semi-flattened and spherical seeds, with lowest mean values for length and width of seeds. The characteristics found in this group are similar to those showed by cultivated accessions from the Mesoamerican (Table 2) . This group has accessions whose seeds are mostly classified as large, according to Baudet (1977) and Castiñeiras et al. (1991) . Thus, it was observed that accessions belonging to group III were significantly different from the others obtained from the Germplasm Bank of Embrapa lima bean. The characteristics found in this group are similar to those showed by cultivated accessions from the Andean gene pool. High variability was observed within groups as seen by the range of variation of the characters (Table 2 ). The first two canonical variables explained 99.0% of the total variation among groups, obtained by the Ward-MLM methodology (Figure 1) , and enabled to visualize the genetic variability among accessions evaluated by graphic dispersion analysis. Cabral el al. (2010) , using the same procedure on common bean (P. vulgaris L.), obtained 87.86% of the total variation and report that high values indicates that the graphic representation of the first two canonical variables is adequate to verify the relationship among groups and among accessions inside the same group.
Several studies have shown that the Ward-MLM statistical procedure is a useful technique to detect genetic divergence and to cluster genotypes by simultaneously using morphological and agronomic data. Ortiz et al. (2008) worked with 50 accessions of eight maize (Zea mays L.) races from high altitude regions of Peru using six agronomic descriptors, and concluded that the Ward-MLM procedure soundly classifies the accessions and may be an additional refinement and a complement for the racial classification based on the visual evaluation. Gonçalves et al. (2009) studied 57 accessions of common bean (P. vulgaris) from Brazil using 10 morpho-agronomic traits, they detected high genetic variability, separating the accessions from Andean origin as a different cluster. Sudré et al. (2010) studied genetic diversity of 56 Capsicum spp. accessions using 26 morpho-agronomic descriptors, and observed the separation of the species C. annuum, C. frutescens, C. baccatum and C. chinense in different groups.
Implications for the origin of the germplasm
The genetic diversity present within each group of lima bean landraces found in the present study is greatly important for breeding programs, considering that genetic and breeding studies are still incipient for this crop in Brazil. The Ward-MLM statistical procedure proved to be a useful technique to detect genetic divergence and to cluster genotypes using data simultaneously from quantitative and qualitative variables. In the present study, group I showed morphological characteristics typical of the Mesoamerican gene pool and group III showed morphological characteristics observed in the Andean gene pool. This result allowed us to infer the existence in Brazil of accessions from the Mesoamerican and Andean domestication centers. Our results also indicated the existence of a group II with intermediate characteristics between both gene pools before mentioned. One possible explanation to the existence of the group II is that Brazil can be acting as a hybrid zone where landraces from the Andean and Mesoamerican gene pools are growing sympatrically. Fofana et al. (1997) , using RAPD markers, showed that wild forms and landraces, within each gene pool, are genetically differentiated. However, they suggested that landraces may be more prone to exchange genetic between the two gene pools through cross-hybridizations (the species is predominantly autogamous with variable levels of outcrossing), which would cause an increase in genetic diversity as compared to wild forms. According to these authors, this hypothesis is partly supported by the lower differentiation observed between landraces of the two gene pools than between wild forms.
Another, and perhaps more interesting explanation about the existence of the group II is that Brazil could be a domestication center for the lima bean. Since several decades ago, authors suggested the existence of a domestication event en Sud America. Fofana et al. (1997) observed that among mesoamerican wild forms and landraces, the accessions from Costa Rica to Colombia are distinct from those farther north, indicating that a form of domestication in this transition region can be suggested and that this hypothesis could be consistent with the northern Andean center of diversity proposed by Debouck (1986) . Also, Lioi et al. (1998) using isozyme diversity and RFLP of the rDNA, and Lioi and Galasso (2002) (2015) analyzing 10 microsatellite loci observed that the Mesoamerican landraces collected in Sud America are not related genetically with the wild populations collected in Mexico and Central America, it suggesting that the Sud American landraces may have been domesticated from Sud American wild populations still not collected. However, to confirm the hypothesis about a domestication event in Sud America is necessary to make further investigation including more accessions (specially wild accessions) and using molecular techniques such as chloroplast and ribosomal DNA sequences (Serrano-Serrano et al., 2012; Andueza-Noh et al., 2013) .
Regardless of the hypothesis before mentioned about the existence of group II, the presence in Brazil of landraces from the Mesoamerican and the Andean gene pools could be favoring the presence of high levels of genetic diversity in the lima bean landraces cultivated by the Brazilian farmers (as showed in this study), and Brazil could be an important center of diversity for this important crop, as indicated for the Yucatan Peninsula in Mexico (Martínez-Castillo et al., 2008) . It is necessary to make studies using molecular markers as microsatellites (SSR) or secuences inter-microsatellites (ISSR) to confirm this hypothesis. Finally, our results show a wide range of genetic diversity in the Brazilian lima bean accessions maintained by Embrapa. This high variability becomes essential when we consider the source of alleles of interest, which allows us to obtain more productive, resistant and adapted varieties of lima beans through plant breeding.
CONCLUSIONS
Genetic divergence was found in the lima bean accessions, and the longest distance found was between accessions BF113 and G25633A.
T h e a c c e s s i o n s r e p r e s e n t t h e t w o c e n t e r s o f domestication: Mesoamerican and Andean. Seed length and width were the characteristics that have contributed the most to genetic divergence between the accessions evaluated.
